Coumarin derivatives, such as warfarin, acenocoumarol and phenprocoumon, are commonly prescribed as oral anticoagulants for the treatment of thromboembolic disorders. Therapy with coumarin derivatives is most effective when the international normalized ratio (INR) is kept within a narrow range. Prescribing of these drugs is difficult because of their narrow therapeutic window and the wide interindividual variability in dose requirement; coumarin deriva tive dosages can vary by a factor 10 among patients [1, 2] . For these reasons, it is of difficult to predict anticoagulation response to a standard dosing regimen, as this is the case with the current dosing algorithms used for the initiation of anticoagulation therapy. Consequently, treatment is often either subtherapeutic (due to underdosing) or supratherapeutic (due to overdosing), placing the patient at risk of (recurrent) thrombosis or hemorrhage, respectively, which can be life-threatening [3, 4] . Because of the uncertainty in anticoagulation response, patients on coumarin derivative therapy require careful monitoring [1, 4, 5] .
Anticoagulation response to coumarin derivatives is influenced by a number of clinical, environmental and genetic factors. It has been established that factors such as concurrent drug therapy, co-morbidity, age, sex, BMI, smoking and dietary vitamin K intake influence coumarin derivative dose requirements [6] [7] [8] [9] [10] . Polymorphisms in the CYP2C9 and VKORC1 genes, encoding for the metabolizing enzyme cytochrome P450 2C9 (CYP2C9) and the target enzyme vitamin K epoxide reductase (VKOR) respectively, together account for about 40% of the variability in coumarin derivative maintenance dose requirements [11, 12] . Several studies have demonstrated that patients with allelic variants in the CYP2C9 and VKORC1 genes require lower coumarin derivatives doses than those with wild-type alleles [13] [14] [15] [16] [17] . This exposes them to a greater risk of over-anticoagulation and hemorrhage, particularly during initiation of therapy. Polymorphisms in other genes, for example, the CYP4F2 gene, have only a nominal effect on the coumarin derivate dose [18, 19] .
The recognition that genetic factors influence coumarin derivative dose requirements and thus may predispose to serious and life threatening hemorrhage has highlighted the inadequacy of the currently used dosing regimens. To date, several studies have quantified the contribution of the CYP2C9 and VKORC1 genes in coumarin derivative dose requirement and put forward pharmacogenetic-based dosing equations [10, 12, [20] [21] [22] [23] [24] [25] . However, these equations (mainly developed for warfarin) are based on data derived from patients on stable maintenance therapy and are therefore unsuitable for those
The narrow therapeutic range and wide interpatient variability in dose requirement make anticoagulation response to coumarin derivatives unpredictable. As a result, patients require frequent monitoring to avert adverse effects and maintain therapeutic efficacy. Polymorphisms in VKORC1 and CYP2C9 jointly account for about 40% of the interindividual variability in dose requirements. To date, several pharmacogeneticguided dosing algorithms for coumarin derivatives, predominately for warfarin, have been developed. However, the potential benefit of these dosing algorithms in terms of their safety and clinical utility has not been adequately investigated in randomized settings. The European Pharmacogenetics of Anticoagulant Therapy (EU-PACT) trial will assess, in a single-blinded and randomized controlled trial with a follow-up period of 3 months, the safety and clinical utility of genotype-guided dosing in daily practice for the three main coumarin derivatives used in Europe. The primary outcome measure is the percentage time in the therapeutic range for international normalized ratio. This report describes the design and protocol for the trial.
commencing oral anticoagulation therapy, where loading doses often are used. The challenge in demonstrating the benefits of pharmaco geneticguided dosing lies in the development of dosing algorithms, which can improve the accuracy of dosing during both the initiation of therapy and subsequent maintenance therapy. A pharmacogenetic approach to oral anticoagulation therapy requires two things: robust dosing algorithms that allow for prediction of loading and maintenance doses developed from verification data and validated in a replication set; and also that the clinical validity and utility of the dosing algorithms is tested within a randomized controlled trial (RCT) setting. The cost-effectiveness of genotype-guided dosing must also be examined, since current available cost-effectiveness analyses (CEA) do not point in the same direction [26] [27] [28] . Additional clinical trials are necessary to prove the clinical relevance and cost-effectiveness of pretreatment genotyping before implementing this approach in clinical practice.
The European Pharmacogenetics of Anticoagulant Therapy (EU-PACT) trial will assess the safety, clinical utility and cost-effective ness of the newly developed pharmacogenetic-guided dosing algorithms for acenocoumarol, phenprocoumon and warfarin. The trial will take place in seven countries in Europe and is supported by the European Commission FP7 Programme.
Materials & methods
n Design & setting The EU-PACT study is a two-armed, singleblinded (patients are blinded), RCT which will test the effectiveness of dosing regimens that include genetic factors compared with dosing regimens without these factors. This will be evaluated during the first 3 months after initiation of anticoagulation therapy in patients treated with the three different coumarin derivatives warfarin, acenocoumarol, or phenprocoumon. The study will be performed in 13 different centers, covering general practitioners, anti coagulation clinics and hospitals. These centers are located in seven European countries, namely the UK, Sweden, the Netherlands, Spain, Greece, Germany and Austria. It will take 2 years to complete the inclusion of patients.
n Sample size calculation Based on data from the first 3 months of warfarin therapy in Sweden and the UK, the mean percentage time in range (%TIR) of the INR ranges from 52 to 65% in large cohorts of patients with atrial fibrillation (AF) or venous thrombosis (VT). In other participating centers, similar values for acenocoumarol and phenprocoumon are found. For example, in the Netherlands, where predominately acenocoumarol and phenprocoumon are used, the average range of %TIR of the INR across different anticoagulation clinics varies from 22.5 to 56.5% (median 38.0%) for the first 8 weeks of coumarin derivative therapy and from 32.5 to 67.0% (median 53.5%) in patients anticoagulated short-term (2-6 months therapy) [101] . With 80% power and at 5% significance level, a total of 442 patients each in the intervention and control groups will be needed in order to demonstrate a 5% greater %TIR of the INR. Assuming a 10% dropout after study entry, 985 patients will need to be recruited for each coumarin derivative, making a total of 2955 patients randomized for the three trials.
n Study population Newly diagnosed patients with either AF or VT, that is, pulmonary embolism (PE) or deep venous thrombosis (DVT), requiring anti coagulant therapy with acenocoumarol, phenpro coumon or warfarin are eligible for the trial if they meet the inclusion and exclusion criteria.
n Inclusion & exclusion criteria Patients of both sexes, aged 18 years or older, diagnosed with AF or VT requiring coumarin derivative therapy with a target INR in the lower intensity range (2.0-3.5 in the Netherlands and 2.0-3.0 in the other participating countries) for at least 12 weeks are eligible for the trial. They must have the ability to attend the scheduled visits and have to provide written informed consent.
Patients will be excluded from the trial if they have been treated with a coumarin derivative previously, if their CYP2C9 or VKORC1 genotype is known, if they are pregnant or breastfeeding, or if they suffer from severe cognitive impairment. The presence of a mechanical heart valve will also lead to exclusion. Another exclusion criterion is an abnormal clotting function at baseline INR, that is a baseline INR of 1.5 and higher, a platelet count less than 100 × 10 9 L -1 or an activated partial thromboplastin time (APTT) more than 1.3-times upper reference value that is not explained by the presence of lupus anticoagulants.
n Patient allocation & treatment Patients will be randomized to either the intervention group, which will be dosed according to a genotype-guided dosing algorithm, or to the control group, which will be dosed according to EU-PACT trial design Special RepoRt a dosing regimen without genotype. All dosing regi mens will be computer assisted. The genotype-guided dosing algorithm will include the patient's genetic information, clinical and demographic data and in the monitoring phase the previous INR. The acenocoumarol and phenprocoumon control groups will be dosed according to a nongenotype-guided dosing algorithm, which uses the same parameters of the dosing algorithm in the intervention group except for the CYP2C9 and VKORC1 genotypes. The warfarin control group will be dosed according to standardized clinical care. A schematic presentation of the study design is given in Figure 1 .
The dosing algorithms for all three coumarin derivatives will be developed with various datasets [29, 30] which contain information about factors known to influence dose requirements such as age, sex, CYP2C9 and VKORC1 genotype, height and weight. All dosing algorithms are divided into two subalgorithms; the loading dose algorithm and the monitoring dose algorithm. The monitoring dose algorithms for acenocoumarol and phenprocoumon will be developed with linear regression. The warfarin monitoring dose algorithm is based on the model developed by the International Warfarin Pharmacogenetics Consortium [21] . Loading doses for all three coumarin derivatives will be calculated from the monitoring dose using pharmacokinetic information of the coumarin derivative for each genotype.
n Blinding & randomization The EU-PACT trial is a single-blinded study with patients being blinded to the study treatment. Staff with access rights to the database will be able to view all data on patients recruited in their own center, except for genotype in the control patients.
Eligible patients who consent to take part in the study will undergo medical screening prior to enrollment. Patient demographics and clinical data including age, gender, height, weight and information on co-morbidity (e.g., malignancies and thyroid disease), co-medication and alcohol intake will be recorded. Following a successful screen and fulfillment of the study inclusion The loading dose algorithm is optimally followed for 3 days, and the start of the monitoring dose algorithm on day 4. However, due to weekends the monitoring dose algorithm may also start on day 3, 5 or 6. ** In exceptional cases (shown by the dashed arrow), if the patient is randomized to either the intervention or the control group later than day 1, and the patient has received coumarin dosing according to usual clinical care only at day 1, the patient may receive a loading dose according to one of the loading dose algorithms for the two days remaining until the next planned international normalized ratio test. criteria, patients will be randomized to the intervention or control group by block randomization per study center.
n Patient consent & information All patients will be informed verbally and in writing about the aims of the study and how participation would affect their treatment. Standard information about the impact of diet (such as vitamin K intake and alcohol) and interacting drugs (e.g., CYP2C9 inducers and inhibitors) and the possible hazards associated with the therapy will be provided to all patients.
n Genotyping A blood sample will be taken from all participating patients for genotyping of CYP2C9*2 (rs1799853), CYP2C9*3 (rs1057910) and VKORC1 -1639G>A (rs9923231) prior to the commencement of oral anticoagulation therapy. Genotyping will be performed using a new rapid method which provides results within 1.5 h. The method employs a HyBeacon ® technology (LGC Ltd, Middlesex, UK) [31] [32] [33] , which will be used in combination with Optigene's Genie 1 instrument (Optigene Ltd, Horsham, UK) as a point-of-care test in a nonlaboratory environment. An aliquot of blood will be stored for quality control ana lysis of the point-of-care test.
The blood samples from patients who are found to be either sensitive or resistant to a coumarin derivative will later be subjected to further genetic ana lysis through sequencing approaches for the identification of rare mutations in genes mediating the pharmacology or disposition of coumarin derivatives and other novel genes to identify the genetic basis of discordant phenotypes [34] .
n Treatment procedures Patients suffering from VT who require acute anticoagulation will initially be treated with (parenteral) low molecular weight heparin in combination with the coumarin derivative. Low molecular weight heparin will be discontinued according to local guidance. Patients with AF initiating anticoagulation for stroke prophylaxis will be administered coumarin derivatives alone.
The loading dose will be calculated according to the loading dose algorithm for the prescribed coumarin derivative. If a patient for some reason does not receive the individualized starting dose (e.g., because of weekends), (s)he can obtain an adjusted loading dose regimen on day 2. After the first INR determination (preferably on day 4), subsequent dosing will be calculated according to the monitoring dose algorithm. The monitoring dose algorithm is based on the same factors as the loading dose algorithm including the patient's previous INR.
The use of all concurrent medications will be recorded, including the drug's trade name, dosage, start and end date and indication for treatment.
n Alcohol intake, quality of life & compliance assessment Alcohol intake (alcohol use disorders identification test [AUDIT]) [35] and quality of life (EQ-5D) [36] will be assessed at the patient's first and last study visits. To monitor patient compliance to treatment, patients will complete a medication questionnaire at each visit.
n Assessment of safety International normalized ratio measurements will be carried out on days 1, 4, 6, 8, 15, 22, 57 and 85 (days 4-85 may be adjusted slightly) to ensure that patients are adequately anticoagulated. If clinically needed, additional INR measurements will be performed.
Any undesired medical event, not necessarily related to the use of coumarin derivatives, is defined as a serious adverse event if it leads to death; is life-threatening, for example, a major hemorrhage; requires (prolonged) hospitalization or is a congenital anomaly/birth defect [102] . Hemorrhages will be categorized into major and minor according to the International Society on Thrombosis and Haemostasis (ISTH) classification of hemorrhagic events [37] . The algorithm of Naranjo et al. will be used to determine the probability that any observed (serious) adverse event is associated with the trial treatment [38] . Safety data will be evaluated by an independent Data and Safety Monitoring Board (DSMB).
n Patient withdrawal At any time, patients are free to withdraw from the trial without giving a reason. The patient will be contacted to obtain information about the reason(s) for withdrawal and any experienced adverse events (AEs). The date and reason for the withdrawal will be reported in the case report form (CRF). Each patient withdrawn less than 2 weeks after study entry will be replaced by a new one.
The investigator will be able to withdraw patients from the trial for safety reasons, for example, due to AEs that contraindicate continued participation, pregnancy or a deteriorated general condition.
After participation in the trial, anti coagulation therapy for each patient will be continued according to individual needs and local protocols.
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The EU-PACT study will be performed according to the study protocol, International Conference on Harmonisation Good Clinical Practice (ICH-GCP), the Declaration of Helsinki, EU directives and applicable regulatory requirements. The study will be submitted for approval to medical review ethics committees in all participating countries.
Study outcomes n Primary outcome
The primary outcome of the study is the %TIR of the INR, INR range 2.0-3.0, during the first three months following initiation of anticoagulant therapy calculated by the interpolation method [39] . Time to reach stable dose defined as time to reach an unchanged dose (<10% change) at consecutive visits and the INR being within the target range for a period of at least 3 weeks;
Time to and number of minor and major hemorrhages;
Time to and number of thromboembolic events;
The occurrence of coumarin derivative hypersensitivity defined as dose requirements of 1.5 mg warfarin/day or less, 1.5 mg phenprocoumon/day or less or 1.0 mg acenocoumarol/day or less during maintenance;
The occurrence of coumarin derivative resistance defined as dose requirements of at least 10 mg warfarin/day, at least 6 mg phenprocoumon/day or at least 8 mg acenocoumarol /day during maintenance;
Number of coumarin derivative dose adjustments;
The utility of the LGC Ltd's rapid genotyping test in daily anticoagulation practice;
Patient quality of life;
The cost-effectiveness of pharmacogeneticguided dosing for each of the three coumarin derivatives.
Data collection
Information on each patient's age, gender, height, weight, alcohol intake, co-morbidity (e.g., malignancies and thyroid disease), and co-medication will be obtained either directly from the initial interview with the patient or the self-completed questionnaires and from medical records or pharmacy records whenever possible.
Other parameters including INR values, number of INR measurements, coumarin derivative doses, the number of dose changes, changes in concurrent disease or drug therapy, laboratory data and any adverse events experienced during the study will be recorded during the course of the trial.
Data management
Data collection and storage will be done using Promasys (Promasys, Leiden, The Netherlands), a data management software system which supports multicenter trials. The central functionality of this system is related to data management, which allows the setting up of a database structure into which the clinical trial data can be entered thereby preserving the integrity of the data captured. Each center can log on to the central server and enter data live in the electronic CRF.
Statistical ana lysis
The trial results will be evaluated according to the intention-to-treat and the per-protocol ana lysis. Estimation of mean differences (plus 95% CIs) in %TIR of the INR between genotype and nongenotype-guided dosing, when necessary with correction for confounding variables, will be performed with linear regression for each coumarin derivative. For the remaining outcomes, appropriate hypothesis tests will be adopted to test for differences between the two study arms, for example the Cox-proportional hazard model for dichotomous outcomes. These outcomes will also be presented using Kaplan-Meier curves. The nominal p-value for assessing statistical significance will be 0.05, although this will be adjusted for the number of comparisons made in order to conserve the type I error rate. All hypothesis tests will be two-sided. We will analyze whether the results found are similar for all three anticoagulation drugs and whether they are similar within and between the different study centers. For the latter, multi level regression models stratified by center will be used. To be able to extrapolate our data to the whole EU these comparisons are of the utmost importance.
Cost-effectiveness ana lysis
A CEA for the individualized dosing regimen will be performed according to established methods [103] . The primary ana lysis will utilize the societal perspective, meaning that all costs will be included in the CEA regardless of who incurs these costs. As a consequence, we will include not only health service costs (e.g., from ambulatory care, hospital care and medications), but also costs incurred by patients. Two types of health outcomes will be examined: the incidence of adverse events (hemorrhage, thromboembolic events); and the quality-adjusted life-years (QALYs), measured using the EQ-5D. Two sets of CEA will be performed: a short-term CEA and a longterm CEA. The short-term CEA will focus on the clinical results during the study's 3-month follow-up period. We will perform a long-term CEA, which will be possible by creating a model that combines the results of this RCT with data from other clinical, epidemiological and health services research studies. We plan to analyze coumarin derivative-specific and country-specific data to estimate resource use and unit costs.
Discussion
Current strategies for initiation of oral anticoagulation therapy are inadequate, exposing patients to a risk of (recurrent) thrombosis owing to underdosing or hemorrhage owing to over dosing. Polymorphisms in CYP2C9 and VKORC1 genes have a major impact on coumarin derivative dose requirements. It is anti cipated that pharmacogenetic-guided dosing will improve the safety of anticoagulation therapy with coumarin derivatives through improved accuracy of dosing. The three small scale prospective studies reported to date have not convincingly demonstrated the potential benefit of pharmacogenetic-guided dosing on treatment outcomes [40] [41] [42] . One of these studies included both CYP2C9 and VKORC1 poly morphisms [41] whilst the other two only included poly morphisms in CYP2C9 in the dosing algorithms used [40, 42] . Inclusion of the VKORC1 gene in a pharmacogenetic-guided dosing algorithm is likely to improve the accuracy of dosing given that VKORC1 polymorphisms explain up to a third of the interindividual variability in coumarin derivative dose requirements. Moreover, reported ongoing randomized trials of genotype-guided dosing as well as the aforementioned small prospective studies only evaluate pharmaco genetic-guided dosing with warfarin [43] . In contrast, the EU-PACT trial will be evaluating a pharmaco genetic approach to anticoagulation therapy with the three most prescribed coumarin derivatives in large patient cohorts in seven European countries using pharmaco genetic-based dosing algorithms which include both CYP2C9 and VKORC1 genes. The EU-PACT trial results should therefore be widely applicable to patients across Europe and elsewhere. Unlike previous prospective studies, the EU-PACT trial will make use of rapid point-of-care genotyping, thus making it possible to commence genotype-guided therapy straight away. It is anticipated that initiation of anticoagulation therapy using a genotype-guided dosing regimen allows the patient to reach target INR quickly and to remain within the therapeutic range more effectively. Although hemorrhages are clinically more relevant than percentage time within target INR, we chose %TIR rather than hemorrhages as the primary study outcome. It would not be financially and logistically possible to collect the considerably larger number of patients needed in order to detect a difference in hemorrhages. It is well established that maintaining anticoagulation within the therapeutic range is critical for therapeutic efficacy and safety. Several studies have shown that there is a close relationship between the INR and the risk of hemorrhage and thrombotic events; the risk of hemorrhage increases markedly for supratherapeutic INR values [44] [45] [46] , and the risk of death owing to cerebral hemorrhage doubles for every unit increase in INR [47] , while the risk of a thrombotic event increases with subtherapeutic INR values [4, 45] . Because of this close association between INR and these outcomes, it is expected that our chosen primary outcome is a good indicator of treatment safety outcome.
Conclusion
The goal of this study is to evaluate the added value and the cost-effectiveness of pharmacogenetic-guided dosing of coumarin derivatives in daily practice. To our knowledge, EU-PACT is the first large scale randomized controlled trial of pharmacogenetic-guided anticoagulation therapy ever performed in Europe.
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Future perspective
Randomization of the first patient is expected in February 2010. Based on the anticipated number of patients available for selection, we expect to obtain full recruitment and follow-up of the last patient by February 2012. Since it is known that CYP2C9 and VKORC1 polymorphisms are the principal contributors to the interindividual variability in coumarin derivative dose requirements, our hypothesis is that dosing according to a genotype-guided algorithm will increase the safety and efficacy of oral anticoagulation therapy. Cost-effectiveness analyses will be performed to ascertain whether it is economically advantageous to genotype patients before initiating coumarin derivative treatment. Currently, only widely varying estimates of the cost-effectiveness of pharmacogenetics in anticoagulant therapy exist, mostly based on hypothetical assumptions [26] [27] [28] .
Although the FDA has changed the label of warfarin in the USA [104] , this has not led to a change in guidelines by specialist societies such as the American College of Chest Physicians [48] , because of the lack of randomized data. Our study, together with the NIHfunded Clarification of Optimal Anticoagulant through Genetics (COAG) trial in the USA [105] , aims to fill this evidence gap. Only such positive randomized data is likely to persuade clinicians to incorporate pharmaco geneticbased dosing into their clinical practice. It is also important to state that this is, to the best of our knowledge, the first pharmacogenetic study to assess the utility of a point-of-care diagnostic, an important advance, which, if proven to be effective, would allow pharmacogenetic dosing without a delay, the use and testing of point-ofcare tests in other conditions and drug treatments; and the use of pharmacogenetic dosing beyond the hospital environment, for example, in primary care. determine stable warfarin dose: a prospective study. J. Thromb. Thrombolysis 22, 191-197 (2006 
